We evaluate here whether RAD51 and its paralogues XRCC2 and XRCC3 act via a common pathway for sensitivity to genotoxic stress, centrosome fragmentation and chromosome stability. We expressed the RAD51 dominant-negative SMRAD51 in irs1 and irs1SF cells, defective for XRCC2 and XRCC3, respectively, and in their corresponding wild-type cells (V79 and AA8, respectively). V79-SMRAD51 cells are sensitive to mitomycin C (MMC), but SMRAD51 did not further sensitize irs1 cells to MMC, showing that SMRAD51 and XRCC2 act on the same pathway for resistance to MMC. However, in contrast to irs1 and irs1SF cells, SMRAD51-V79 and SMRAD51-AA8 cells are not sensitive to c-rays or UV-C. Despite these differences in sensitivity, SMRAD51-expressing cells and xrcc2-or xrcc3-defective cells show similar increased levels of centrosome fragmentation. This spontaneous centrosome fragmentation is resistant to caffeine, suggesting that ATM and ATR are not involved. Consistent with centrosome fragmentation, increased aneuploidy was measured in irs1 and SMRAD51-expressing cells. Expression of SMRAD51 in irs1 or irs1SF cells did not increase further the frequency of multipolar cells. Thus, RAD51, XRCC2 and XRCC3 act in the same pathway for centrosome fragmentation, independently of the sensitivity to exogenous genotoxic stresses and of the ATM/ATR pathway.
We evaluate here whether RAD51 and its paralogues XRCC2 and XRCC3 act via a common pathway for sensitivity to genotoxic stress, centrosome fragmentation and chromosome stability. We expressed the RAD51 dominant-negative SMRAD51 in irs1 and irs1SF cells, defective for XRCC2 and XRCC3, respectively, and in their corresponding wild-type cells (V79 and AA8, respectively). V79-SMRAD51 cells are sensitive to mitomycin C (MMC), but SMRAD51 did not further sensitize irs1 cells to MMC, showing that SMRAD51 and XRCC2 act on the same pathway for resistance to MMC. However, in contrast to irs1 and irs1SF cells, SMRAD51-V79 and SMRAD51-AA8 cells are not sensitive to c-rays or UV-C. Despite these differences in sensitivity, SMRAD51-expressing cells and xrcc2-or xrcc3-defective cells show similar increased levels of centrosome fragmentation. This spontaneous centrosome fragmentation is resistant to caffeine, suggesting that ATM and ATR are not involved. Consistent with centrosome fragmentation, increased aneuploidy was measured in irs1 and SMRAD51-expressing cells. Expression of SMRAD51 in irs1 or irs1SF cells did not increase further the frequency of multipolar cells. Thus, RAD51, XRCC2 and XRCC3 act in the same pathway for centrosome fragmentation, independently of the sensitivity to exogenous genotoxic stresses and of the ATM/ATR pathway. Keywords: RAD51; paralogues; centrosome; genotoxic stress; homologous recombination Homologous recombination (HR) is a fundamental process involved in the variability/stability balance of the genome. The eukaryotic RecA orthologue, RAD51, plays a pivotal role in HR. However, protein complexes controlling HR developed increasing complexity through evolution. Saccharomyces cerevisiae possesses, beside the meiosis-specific DMC1, two RAD51 paralogues, RAD55 and RAD57 (Kans and Mortimer, 1991; Lovett, 1994) . In mammalian cells, beside the RAD51 and DMC1 orthologues, five RAD51 paralogues have been identified: XRCC2, XRCC3, RAD51L1 (B), RAD51L2 (C) and RAD51L3 (D) (Thacker, 1999) . In addition, other proteins such as tumour suppressor protein p53, BRCA1 and BRCA2 also interact physically and genetically with the highly elaborated HR complex (Bertrand et al., 2004) . This underlines the high complexity of HR regulation in mammalian cells and the need to fully elucidated the exact role of mammalian RAD51 paralogues.
While the yeast paralogues RAD55 and RAD57 are tightly associated in a heterodimer, which physically interacts with the yeast ScRAD51 (Sung, 1997) , mammalian RAD51 paralogues are dispatched into two different complexes, XRCC2/RAD51L1/RAD51L2/ RAD51L3 and XRCC3/RAD51L2 (Masson et al., 2001; Liu et al., 2002) with different behaviour concerning interaction with RAD51. Indeed, physical interaction has been reported between XRCC3 and RAD51 but not between XRCC2 and RAD51 (Liu et al., 1998 (Liu et al., , 2002 . In addition, no redundancy exists between the paralogues. Indeed, cells devoid of one of the RAD51 paralogues can only be complemented by the corresponding wild-type cDNA. Finally, it is unknown whether the two paralogues groups act in the same or distinct processes or distinct HR steps. For example, XRCC2 and XRCC3 are both required for RAD51 foci assembly, at an early HR step (Bishop et al., 1998; O'Regan et al., 2001) . However, XRCC3 has also been shown to act at a late step (Brenneman et al., 2002) . Consistently, RAD51L2(C) has been shown to resolve Holliday junctions, and this activity is reduced in xrcc3-defective cells (Liu et al., 2004) .
Studies of genetic interactions are difficult because of the lack of suitable double mutants in mammalian cells. Indeed, RAD51 is an essential gene in vertebrates. However, a dominant-negative form of RAD51, the yeast/mouse chimera SMRAD51, is able to poison HR without affecting cell viability (Lambert and Lopez, 2000) . In contrast to xrcc2-or xrcc3-defective cells, which are defective in HR and highly sensitive to genotoxic stresses (Jones et al., 1987; Fuller and Painter, 1988; Johnson et al., 1999; Pierce et al., 1999) , SMRAD51-expressing cells are not sensitive to g-rays, UV-C, N-nitroso-N-methylurea (MNU) or replication inhibitors, even though HR is strongly inhibited (Lambert and Lopez, 2000 Saintigny et al., 2001) . This raises the question as to whether SMRAD51 expression and the xrcc2 or xrcc3 defect act on the same pathways for resistance to genotoxic stresses.
Wild-type CHO cells expressing SMRAD51 as well as xrcc2-and xrcc3-defective cells all show spontaneous defects in centrosome duplication (Griffin et al., 2000; Bertrand et al., 2003) . Unfaithful centrosome duplication can result in aberrant chromosome segregation and in aneuploidy, which may then lead to malignant transformation (Hinchcliffe and Sluder, 2001) . Consistent with this, SMRAD51-expressing CHO cells show increased aneuploidy and tumorigenesis after injection of cells in nude mice (Bertrand et al., 2003) . One might object that expression of the chimera SMRAD51 might activate a putative pathway acting on centrosome fragmentation, but different from XRCC2 or XRCC3 pathways. Moreover, since XRCC2 and XRCC3 act in two physically different protein complexes, it is important to determine whether SMRAD51 acts on centrosome fragmentation and chromosome stability via a pathway epistatic to none, one or both of the XRCC2 and XRCC3 pathways.
To address these questions, we expressed the RAD51 dominant-negative SMRAD51 in irs1 and irs1SF cells, defective for xrcc2 and xrcc3, respectively, and in their corresponding control cell lines. We then measured the impact of double inactivation RAD51/XRCC2 or RAD51/XRCC3 on the sensitivity to different genotoxic agents (UV-C, ionizing radiation, MMC), and on centrosome fragmentation and chromosome ploidy.
Cell lines
The xrcc2-defective irs1 cell line and its corresponding wild-type cell line (V79), the irs1SF cell line, defective in xrcc3 and the corresponding wild-type cell line (AA8) were transfected with either an empty expression vector (control) or with an expression vector containing the RAD51 dominant-negative SMRAD51. Puromycinresistant clones were selected and the expression of the transgene was checked ( Figure 1a) .
Expression of SMRAD51 has been shown to inhibit HR measured for intrachromosomal substrate or between episomic plasmids, in hamster cells as well as in mouse cells or in human cells (Lambert and Lopez, 2000; Saintigny et al., 2002; Linke et al., 2003) . More precisely, SMRAD51 specifically affects gene conversion, a RAD51-dependent process, whereas it does not affect the RAD51-independent single-strand annealing process (Lambert and Lopez, 2000) . Importantly for the present question, SMRAD51 almost abolishes HR induced by a wide variety of genotoxic stresses including ionizing radiation, UV-C, MNU, hydroxyurea and cisplatin (Lambert and Lopez, 2000 Saintigny and Lopez, 2002; Saintigny et al., 2002) . Finally, expression of SMRAD51 in the V79 (xrcc2-proficient) background used here results in a two-to threefold decrease of gene conversion (data to be published).
Two independent clones from each stable transfection were used for the subsequent experiments and are listed in Figure 1b .
Sensitivity to genotoxic stresses
Since sensitivity to DNA crosslinking agents is a hallmark of HR-defective cells, we first treated the different cell lines with mitomycin C (MMC). SMRAD51 significantly sensitized V79 wild-type cells to MMC (Figure 2a, left panel) . At the LD50, SMRAD51-V79 cells were twofold more sensitive than control cells; at the highest dose tested (10 mg/ml), SMRAD51-V79 cells were fivefold more sensitive than control cells. In contrast, SMRAD51 did not affect survival of wild-type AA8 cells following MMC treatment (Figure 2b ). Xrcc2-and xrcc3-defective cells were Figure 1 Cell lines used. (a) Expression of SMRAD51 detected by Western blot. After washing with PBS, cells were suspended in lysis buffer (25 mM Tris (pH 7.5), 5 mM EDTA, 600 mM NaCl, 1 mM DTT, 0.1% NP-40, 5 mg/ml leupeptin, 2 mM pepstatin, 1 mM PMSF) and incubated for 30 min on ice. Extracts were centrifuged for 30 min at 15 000 g, the supernatant was recovered and protein concentration was determined using the Biorad Protein Assay (Biorad). Boiled samples (50 mg/well) were loaded onto a 10% polyacrylamide gel for electrophoresis in the presence of SDS. After migration, the proteins were electrotransferred to a nitrocellulose membrane and probed with specific anti-human Rad51 antibodies (Oncogene Research). (b) List of the different clones used. V79puro, X2puro, X3puro and AA8puro are clones selected from transfection with the empty expression vector (puromycin resistance). V79SM, X2SM, X3SM and AA8SM are clones expressing SMRAD51 (in the puromycin expression vector). All DNA manipulations were performed as described (Ausubel et al., 1999) . Cells lines were cultured at 371C with 5% CO 2 in MEM for V79 and irs1 or in a-MEM for AA8 and irs1SF, supplemented with 10% fetal bovine serum, 2 mM glutamine, 200 IU/ml penicillin and 200 mg/ml streptomycin. Cells transfected with SMRAD51 were selected in the presence of 5 mg/ml puromycin (Calbiochem)
Genetic interactions between RAD51 and its paralogue F Daboussi et al highly sensitive to MMC (100-to 200-fold compared to control cells). Importantly, expression of SMRAD51 did not significantly increase the sensitivity of xrcc2-and xrcc3-defective cells to MMC (Figure 2a and b, right panels). These results support the idea that SMRAD51 and defect in at least xrcc2 affects the same metabolic pathway for resistance to MMC. Xrcc2-mutant cells were slightly sensitive to UV-C and to ionizing radiation (Figure 2c and d), as already described (Jones et al., 1987; Fuller and Painter, 1988) . Expression of the dominant-negative SMRAD51 sensitize the wild-type V79 cells neither to UV-C nor to ionizing radiation (Figure 2c and d), as already described for these doses with CHO-K1 cells Lopez, 2000, 2002) . Expression of SMRAD51 in the xrcc2-defective cells did not significantly increase sensitivity to UV-C or to ionizing radiation sensitivity (Figure 2c and d) . Similar results were obtained with xrcc3-defective cells and their corresponding wild-type cells (data not shown). HRdefective cells are highly sensitive to DNA interstrand crosslinking agents such as MMC, compared to other kinds of genotoxic stress. A sensitivity threshold might be necessary to reveal sensitivity by expression of SMRAD51 in a wild-type background. Taken together, the data are consistent with a role for SMRAD51 and at least XRCC2 in common metabolic pathway(s) for survival to MMC, consistently with the requirement in both XRCC2 and XRCC3 for Rad51 foci assembly in response to genotoxic stresses (Bishop et al., 1998; O'Regan et al., 2001) . Importantly, these data show strong differences for cell survival between SMRAD51 expression and the xrcc2 or xrcc3 defect. It has recently been proposed that RAD51L2 (C) participates in the resolution of Holliday junctions and that xrcc3-defective cells show poor Holliday junction resolution activity (Liu et al., 2004) . If a defect in Holliday junction processing is responsible for sensitivity to genotoxic stresses of cells defective in XRCC2 or XRCC3, inhibition of HR initiation via RAD51 inactivation should rescue cell viability, as already shown in yeast and in Werner syndrome cells, with the SMRAD51 dominant-negative used here (Gangloff Saintigny et al., 2002) . In the present experiments, expression of SMRAD51 in xrcc2-or xrcc3-defective cells neither increased nor rescued sensitivity to genotoxic stress. Thus, it is conceivable that XRCC3 acts both at an early step (RAD51 assembly on the DNA) and at a late step (HR intermediate resolution), and that its defect leads to sensitivity resulting mainly from inhibition of the early step.
Impact on centrosome fragmentation and chromosome stability (ploidy)
Xrcc2-or xrcc3-defective cells and SMRAD51-expressing cells all show spontaneous centrosome duplication defects, despite exhibiting a strong difference in sensitivity to genotoxic stresses. We measured the impact of SMRAD51 expression in xrcc2-or xrcc3-defective and in their respective wild-type cells, on multipolar cell formation and on the consequences for chromosome stability, evaluated by the ploidy.
We counted the frequency of mitosis with two or with extra centrosomes (Figure 3a) . Xrcc2-or xrcc3-deficient cells showed a higher frequency of multipolar cells (more than two centrosomes per mitosis) compared to their respective controls (Figure 3b and c) . Expression of SMRAD51 in either wild-type V79 or AA8 control cell lines also led to an increase in the frequency of multipolar cells, confirming that it is functional in both cell backgrounds. Importantly, SMRAD51 induced centrosome fragmentation in a range similar to the one observed for either xrcc2 or xrcc3 inactivation alone. Interestingly, combination of both SMRAD51 expression and xrcc2 or xrcc3 inactivation did not lead to additive effects, and resulted in a frequency of multipolar cells similar to that obtained with xrcc2 or xrcc3 inactivation alone or expression of SMRAD51 in wild-type cells. These results support the idea that defect in xrcc2 or xrcc3 and expression of SMRAD51 affects centrosome duplication via a common pathway, very likely HR defect. It has been shown that multipolar cells arise from centrosome fragmentation in XRCC3-defective irs1SF cells (Hut et al., 2003) . Since SMRAD51 acted in the same pathway than XRCC3, it should thus also induce centrosome fragmentation.
Finally, treatment with 2 mM caffeine (Sarkaria et al., 1999; Asaad et al., 2000) , which affects the ATM/ATR pathway and inhibits the G2 checkpoint, did not affect the frequency of extra centrosomes in xrcc2-or xrcc3-defective or in SMRAD51-expressing cells. The fact that caffeine affects DNA double-strand break repair, both HR and nonhomologous end joining (Block et al., 2004; Wang et al., 2004) , but not centrosome fragmentation, is figure) were analysed. Cells were fixed in methanol for 15 min at À201C and permeabilized with acetone. After three washes in PBS, saturation in 2% of bovine serum albumin for 30 min and three washes in PBS, centrosomes were stained with g-tubulin antibody (Sigma) diluted 1/200 in 0.5% BSA and 0.05% Tween for 1 h at 371C. Cells were washed three times in PBS, 0.05% Tween and incubated with a rabbit antibody coupled with cyanine 2 (Jackson), diluted 1/300 in 0.5% BSA and 0.05% Tween for 1 h at 371C. After three washes in PBS and 0.05% Tween, cells were incubated with DAPI (5 mg/ml). At least 200 metaphases per cell line were analysed from three independent experiments Genetic interactions between RAD51 and its paralogue F Daboussi et al consistent with the absence of correlation between centrosome fragmentation and sensitivity to ionizing radiation. These results also show that centrosome fragmentation is not connected to ATM-dependent G2 checkpoint that should be stimulated in HR-deficient cells.
Here we measured the number of multipolar cells, whereas sensitivity depends on the amount of damages per cells. One hypothesis is that few or spontaneous damages would be enough to generate centrosome fragmentation (a very low threshold), whereas sensitivity would require a higher amount of damages per cells (a high threshold). HR is also an efficient way to resume replication that has been stalled (Cox et al., 2000; Michel et al., 2001) . Moreover, XRCC3 and RAD51 have been shown to be required for replication on DNA matrix bearing damage (Henry-Mowatt et al., 2003) . In addition, in irs1SF cells, defective in xrcc3, multipolar cells have been shown to correspond to mitotic centrioles splitting when replication is transiently arrested by HU (Hut et al., 2003) and HU-induced HR is RAD51-dependent (Saintigny et al., 2001) . Thus, the fact that generation of multipolar cells is not correlated with sensitivity to strong exogenous genotoxic stresses supports the hypothesis that extra centrosomes may result from spontaneous replication alteration due to HR defect.
Since centrosome fragmentation can lead to aberrant chromosome segregation and to aneuploidy, we verified the ploidy in xrcc2-defective and their corresponding controls expressing or not SMRAD51 (Figure 4 ). Xrcc2-defective cells and SMRAD51-expressing cells (wildtype as well as xrcc2-defective) showed statistically significant increases in aneuploidy compared to the wild-type V79 cells. However, no statistical differences were observed between SMRAD51-V79, the xrcc2-mutant and double SMRAD51/xrcc2-mutant cells. These results are consistent with the centrosome fragmentation analysis and show that SMRAD51 and XRCC2 act on chromosome stability via a common pathway. This aneuploidy is also consistent with the increase in tumorigenesis observed after injection of SMRAD51-expressing cells into nude mice (Bertrand et al., 2003) . Thus, XRCC2 and XRCC3, which act in two different protein complexes, both collaborate with RAD51 for resistance to MMC and also to protect against spontaneous genome instability presumably resulting in tumorigenesis. Genetic interactions between RAD51 and its paralogue F Daboussi et al
